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The standing-spin-wave absorption spectrum in thin EuS films has been measured in the temperature
interval 1.3-4.2 K. The dependence of the magnetization on temperature has been determined from the
ferromagnetic-resonance field and compared with spin-eave theory. The results are well described by
the exchange-parameter combination (J, + J,)/k~ = {0.096+ 0.003) K. The temperature dependence of
the exchange stiffness parameter D{T) has been calculated including the contribution of a nonzero
internal field. The experimental results have been analyzed taking the surface boundary conditions into
account and correcting for the temperature and field dependence of H,-. The results show that the

apparent temperature dependence of D(T) arises almost entirely from the surface-anisotropy energy.
The small observed variation hD(T)/Do has been analyzed yielding J,/J, = —0.57+ 0.05. The
results, expressed as J,/k ~ = (0.214+ 0.026) K, J,/k ~ = —(0.122+ 0.025) K are in essential

agreement with the inelastic-neutron-scattering determination of Passell et al. but in marked

disagreement with Swendsen's Green's-function theory and its application to the calculation of the
ferromagnetic and paramagnetic Curie temperature. A comparison with other experimental

determinations of J, and J, is made.

I. INTRODUCTION

The existence of an "ideal Heisenberg ferro-
magnet" was recognized with the discovery of
ferromagnetism in the semiconducting divalent
europium compounds EuO' and EuS. The half-
filled 4f shell of the Eu" ion is described by a
localized effective-spin ground state 'S,~, for
w'hich the exchange energies are very small com-
pared to the energy of a possible excited state
having a different effective spin. """The S-state
character is expected to lead to very small mag-
netocrystalline anisotropy energies which has
been verified experimentally. " Evidence for a
weak pseudo-dipolar interaction in EuO is ob-
tained from the high-temperature paramagnetic-
resonance linewidth' and the temperature depen-
dence of the second-order magnetocrystalline
anisotropy constant K,.' The temperature depen-
dence of the first- and second-order anisotropy
constants in EuS ' ' can be described with just
single-ion and dipolar contributions" thus more
nearly representing the "ideal Heisenberg ferro-
magnet. " The NaCl structure of the europium
chalcogenides together with the evidence that only
nearest-neighbor 4, and next-nearest-neighbor J,
exchange interactions are important" ' makes the
calculation of the spin-wave excitation energies
straightf orward.

Spin-wave theory has been used by Callaway and
McCollum" to interpret their low-temperature
specific-heat measurements in EuS, employing the
"exact dispersion relations" and integrating nu-
merically over the entire Brillouin zone (BZ) but

neglecting dipolar and magnon-magnon interac-
tions. The theoretically predicted contributions
to the specific heat proportional to T' ' and T'~'
were observed and from their coefficients, the
values of 4, and 4, were determined. Charap
and Boyd" using NMR, measured the zero-field
magnetization as a function of temperature and
analyzed their results together with the specific-
heat data of Callaway and McCollum, "using the
dispersion relations calculated including the di-
polar interaction as first determined by Holstein
and Primakoff. " Charap and Boyd" introduced
parametrically a magnetic field 0, to account for
the presence of domains at zero applied field.
By adjusting the values of 4„4„and H, to give
the best agreement with the experimental results,
they found a "range" of values for these param-
eters which fit the data equally well selecting
the set

J, /ke = (0.20 +0.01) K;

J,/ke = -(0.08 +0.02) K;

B, =4 a2 kOe.

The value of 0, =4 kOe, introduced to represent
the anisotropy fields in the domain walls, is to be
compared with the measured values K, /M - -20 Oe
and K, /M = 12 Oe in the temperature interval of
their analysis. "b' Passenheim, McCollum, and
Callaway" have measured the specific heat in the
presence of an externally applied field. They used
the "exact" dispersion relation following Charap
and Boyd" but with the actual values for 0, , rather
than using this quantity as an adjustable param-
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ster. The values of J,/ks and J,/ks that gave the
best fit to the data mere 0.20 and -0.06 K, re-
spectively. With this choice, the fit of the experi-
mental data in zero field is reasonably good but
becomes progressively worse at the higher fields.
They state that at their highest internal field,
H; =10.8 kOe, different choices of 4, and ~, would
give agreement over different limited temperature
ranges, but with no single set eliminating the
systematic deviation at either the low- and/or
high-temperature limits of the measured tempera-
ture interval.

A more critical test of spin-wave theory is af-
forded by the direct determination of the disper-
sion relations made possible by inelastic-neutron-
scattering and standing-spin-wave-resonance
(SSWR) experiments. The former, when per-
formed on single crystals, is capable of yielding
the dispersion relation over the entire BZ but
becomes insensitive for low k values near the zone
center. The complimentary SSWR experiments
are most sensitive for small values of k. We have
performed SSWR measurements on thin films of
EuS and reported the value of the combination
4, + 4, determined at one temperature. " Inelastie-
neutron-scattering measurements on polycrystal-
line EuS have also been performed. " We shall
defer a comparison of the results obtained by the
various types of experiment to the discussion sec-
tion noting here only that a small disagreement
continues to exist between SSWR and neutron scat-
tering results.

We have extended our previous work at 1.1 K to
the interval 1.1-4.2 K measuring the SSWR ab-
sorption as a function of field at constant fre-
quency. An analysis of our data, to yield re-
liable results for the exchange constants, requires
that the variation of the magnetization with field
be corrected for and that the spin-wave boundary
condition be properly included. The procedure
employed was a.s follows:

(I) The ferromagnetic-resonance or uniform-
precession field is given by

~/y =H —4wM.

The temperature dependence of the resonant field
was determined giving the corresponding variation
of M(H, T).

(2) The variation of M(H, T) was analyzed using
spin-wave theory yielding a determination of the
linear combination J, + J,. The dispersion rela-
tions used include the Zeeman and dipolar contri-
butions. In Sec. II, the expression for M(H, T}
is given as an integral over the BZ and simplified
for purposes of numerical analysis by replacing
the BZ with an "equivalent spherical volume. "

(3) Spin-wave theory was used with the value of
J, + J, determined to calculate M(H, T} at each peak
position in the observed absorption yielding the
absorption as a function of internal field.

(4) The SSWR absorption was analyzed by in-
cluding a surface-anisotropy energy to describe
the incomplete spin pinning at the surfaces. The
wave-vector dependence of the boundary conditions
was used explicitly. The transcendental equations
(described in the Appendix) were solved numerical-
ly to give a best fit to the data. This analysis
gives an independent determination of 4, + 4, . The
"exchange stiffness" and the surface-anisotropy
energy were determined in this way at each tem-
perature.

(5) The temperature dependence of the exchange
stiffness, D(T), has been analyzed using spin-
wave theory. In Sec. II we obtain expressions for
D(T) by taking into account the contribution of
magnon-magnon interactions to the dispersion
relations and the orientation dependence of this
term in single-crystal samples. The Zeeman
and dipolar contributions to the dispersion rela-
tions were included and the resulting integrals
simplified by replacing the BZ with "an equivalent
spherical volume. "

In what follows we give, See. II, an outline of
the spin-wave calculations and the expressions
used in our analysis. Details regarding prepara-
tion of our samples is given in Sec. III followed by
our results and their analysis in Sec. IV. We
compare our results with those from other experi-
ments in Sec. V concluding that the various experi-
mental determinations of J, and 4, are in good
agreement. Comparison with a Green's-function
theory which calculates the paramagnetic and
ferromagnetic Curie temperatures indicates a
significant disagreement between theory and ex-
periment.

H. THEORY

We shall represent the Hamiltonian of our sys-
tem as

H =H,„+Hu+Hz~

where

H,„=——Q 2J(R, )S, S„
J, m

and is of the Heisenberg form. The exchange
integrals, J(R, )

-=J, represent the coupling
between atoms at lattice sites l and m separated
by the distance R, . The dipolar H„and Zeeman
Hz contributions can be represented by
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{J&m)

&& S, S —
» (S, 'R, ~)(S 'R, ) (2b)

(2c)

The inclusion of terms representing single-ion
anisotropy would lead to an additional contribution
to the spin-wave energy gap which for our experi-
mental conditions is negligible compared to that
introduced by the external field and hence can be
neglected. The g factor is a scalar having the
value g= 2 in the europium chalcogenides.

The excitation energies A;, for the Hamiltonian,
Eq. (1), were calculated first for a needle-shaped
sample by Holstein and Primakoff" and extended
to the general ellipsoid by Anderson and Suhl. "
For cubic crystals the result is"

with only small k will be important. Hence the
Zeeman, dipolar, and exchange terms will be of
equal importance in calculating thermodynamic
properties. In the calculation of magnetization
and exchange stiffness constants which follow,
we shall use the excitation energies given by Eq.
(5) but expanding 2S(J, —J») to first order in k'.
Further, we shall limit our summations over k

to the interval 0 to k„where k, is the radius of a
sphere having the same volume as the BZ. We
feel that these approximations, while seeming to
be more restrictive than the exact numerical
integration of Eq. (5) over the entire BZ and not
expanding 2S(&o —J»)"'»4 are likely to be just as
reliable as the "exact" integrations, since it is
known that replacement of the dipolar sums by
integrals in obtaining Eq. (5) is not appropriate
for values of k near the BZ boundaries. "

A. Temperature and field dependence of the intrinsic

domain magnetization

AR» =(gl»e H + 2S(cia —J»)

+(4v H, -4v-(k, /0}'ljgpeM)'~',

X (gl»s(H —N, M )+2S(J, J»)j'~2

where

(4)

The temperature and field dependence of the
intrinsic domain magnetization for temperatures
T/Tc«1 has been calculated by Holstein and
Primakoff. " Briefly, the free energy, F(H, T),
is calculated by taking the expectation value of the
diagonalized Hamiltonian and the magnetization
calculated from the relation M= (sF/aH)r. -The
result is

and X, is the demagnetizing factor in the direction
of the applied field. For the field normal to the
surface of a thin film, i.e. , an infinite plate,
N, =4m. Expressed in terms of the internal field,
H, =H, —4', Eq. (3) becomes

fi~» =(gpeH, +2S(J, —Z»)+4. agee M sin'8»P '

M(H, T) =ggeiVS -gl»s Q '
(n»&

—1 +0((n )»)

where

A» =2S(JO —4»)+2sgpsM sin'8»+g. p,s H,

(6}

x (gp H,s+2S(Jo —4»)}" ', (5)

where 6, is the angle between the wave vector k
of the excitation and the applied field direction.

We can estimate the relative importance of these
contributions to the excitation energy bp first
observing that the exchange related energy,
2S(&o —&»), goes from zero at the center to a
maximum at the corners of the Brillouin zone,
with the maximum value being given approximately
by k~T~, where T~ is the Curie temperatu&e. The
Zeeman- (H =8.6 kG, typically) and dipolar-
(4' =15.2 kG in EuS at T =0 K) related energies
expressed in temperature units are -1 and 2 K,
respectively, and are not negligible compared to
the maximum exchange contribution, T~ =16.5 K.
Moreover, we shall be interested in temperatures
T g0.25T~ for which thermally excited spin waves

The terms 0 ((n») ') will be small at low tempera-
tures but of comparable magnitude to those terms
neglected by Holstein and Primakoff" in diagonal-
izing the Hamiltonian. For consistency, these
terms will be neglected. The summation in Eq.
(6) is over the first BZ and H is the number of
magnetic ions per unit volume. The first three
terms in Eq. (6} can be written

In this expression M, is the magnetization that
would result for complete spin parallelism. The
small reduction in ferromagnets of this pseudo-
classical result at zero temperature due to zero-
point effects is given by Sll(H). The decrease in
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k = (3/v)'~'
a

We note that these approximations are the same as
those used in the Debye model for lattice vibra-
tions. By writing

x =cos6~, p =ak, A =2S(d, ~ 4, ),

we obtain the following expression for 3g(H, T):

with

' A ' P+gg~H, +2vgpeM, (1-x')
If&u(e" ~'sr —1)

(10a}

the magnetization at finite temperatures due to
spin-wave excitations is given by If(H, T} Since
we shall use this expression to (i) analyze our
results for the variation of M with temperature at
constant internal field and (ii) obtain the small
correction to the internal field necessary in ana-
lyzing the SSWR results, it will be sufficient to
regard Mo —Il(H) as being a constant and evaluate
just 3}f(H T)."

The evaluation of 3)1(T,H) is performed by re-
placing the sum by an integral. We expand the
quantity 2S(J, —4, ) in k' obtaining

2$ (Jo —Jq) = 2S (J, + J2}amk2 +0 (k4),

where 4, and J, are the first- and second-nearest-
neighbor exchange integrals. The contribution of
more distant neighbors could be included [see Eq.
(4)], but for EuS there is presently no evidence
indicating that such a possibility should be con-
sidered. The effect of including the term in k4

would be to multiply the first term in Eq. (8) by
1 —(—', ak)' and since we shall only be concerned
with temperatures much smaller than the Curie
temperature, can be neglected. Our final simpli-
fying approximation is the replacement of the BZ
by a spherical volume of radius k, chosen such
that the two volumes are equal. This value of
k, is given by k', =6n'N, where N is the number
of magnetic atoms per unit volume. For the fcc
lattice, k, is given by

"exact numerical integration over the BZ""'"
becomes an approximation for values of k near the
BZ boundaries. We feel that unless more accurate
expressions for Swk near the BZ boundaries were
used in calculating %(H, T), the increased com-
plication of "exact integration" is not required for
a comparison with experimental data.

8. Temperature and field dependence of the
exchange stiffness constant

It has been shown that the temperature depen-
dence of the exchange stiffness constant originates
from the interaction between spin waves, and is
proportional to T"' in the case of vanishing di-
polar and Zeeman interactions. " For EuS the
temperature and fields we consider are such that
the dipolar, exchange, and Zeeman interactions
are of comparable importance in determining the
spin-wave spectrum and the resulting temperature
dependence of the exchange stiffness constant dif-
fers from the well-known T' ' result. In calculat-
ing the noninteraeting spin-wave spectrum, the
dipolar interaction contributes a wave-vector-
independent term proportional to 4'. The mag-
non-magnon interactions will contain contributions
from both dipolar and exchange terms neglected
in the Holstein-Primakoff expansion. " A com-
parison of the relative contribution to the coef-
ficient of a general term in four spin-wave opera-
tors indicates that the dipolar part is much weaker
than that of exchange. W'e will assume that this
relative contribution to the individual coefficients
will be the same as the contributions to the re-
normalized-spin-wave energies. We will, there-
fore, neglect dipolar terms and consider only the
magnon-magnon-interaction terms arising from
exchange.

We have calculated the temperature dependence
of the exchange stiffness constant by the following
procedure. " We expand the exchange interaction
using the Holstein-Primakoff method in a, power
series of boson operators. The second-order
terms have already been taken into account in the
spin-wave energy, Eq. (3). The fourth-order term
is given by

h~ = L(AP'+gee H, )

x[Ap'+gpeH, +4vgpeM, (1 -x')]j' '.
kg k2 k3 kq

x5(k, +k2 —k, —k4),

(10b)

This expression is approximate but results in a
substantial simplification in the subsequent nu-
merical integrations required for comparison
with the experimental results. We emphasize
again that the expression for 2S(J, —J,) used in

where J~ has been defined by Eq. (4), and at~ and
ak are boson creation and annihilation operators,
respectively. Terms higher than fourth order will
be neglected. We now apply the same transforma-
tions, i.e., the second and third Holstein-Prima-
koff transformations, that were used in diagonaliz-
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ing the Hamiltonian when only second-order terms
in the spin-wave operators were considered. The
off-diagonal terms give rise to magnon-magnon
scattering and contribute to the life-time broaden-
ing of the spin-wave spectrum. For the tempera-
ture shift of the spin-wave energies we need only
retain those terms from Eq. (11) that are diagonal.
With this approximation, the total energy for the
spin-wave excitation energy becomes

8 = h(u~ n~, —QI~,~ n„,n~,
k1k2

where Ik k represents the interaction between thek1k2

spin waves of wave vector k, and k„and nk and
1

nk are their occupation numbers. The energy re-
quired to create a spin wave of wave vector k1,
AQk, is givenby

I

(12)

@f1~,= @~~, —2Q f~ a & "a,) (13)
k2

where nk has been replaced by the thermal expec-
tation value. %'e shall use this result in analyzing
our SSWR results and need only consider those
values of k, in Eq. (1$}which are parallel to the
applied field, i.e., the z axis. With this restric-
tion I» can be written

I 2

1

k2

We expand the term (g, + 2, , -4, —j, ) in termsk1-k2 k1 k2
of k, and k2 and observe that the mixing from the
term Jk „will be sensitive to the crystallographic

direction along which 0 is applied. The actual
EuS films produced appear to crystallize with
definite crystallographic planes being preferred,
hence we will consider two specific cases in ex-
panding this term. We obtain the results
Hll&loo&:

[~(Z, + 2Z, )k,']a'k'„.
At zero temperature k Q» =K+, since &n~ ) is zero.
We define the temperature-dependent; part of the
exchange stiffness constant, n, D(T), by the rela-
tion

d, D (T )k', = k Q~ —k~ „
1 1

We use this definition obtaining for the two cases

r, D (T ) = g(-.'Z, (k'+k', ) +Zp,']

(16b)

We introduce the same approximations for Ak,
5&k, and the volume of integration used in the
previous subsection in calculating II(H, T), ob-
taining the following expressions for nD(T) which
are evaluated numerically:

Hll&loo}:

nD(T) 1 ~~
~ ''[(—,'g, )(1+x )+ J2x'][Ap +ggsH(+2xgpsMo(1-x )]

QD (T) J~ + 2el2 ~
~ [Ap +gpsH( + 2xg+sMo(l —x )]

g 48/ p J k~(s "~~~sr I} (17b)

These expressions, in the limit 0, , M, = 0, reduce
to the expression obtained by Marshall" and

n. D(T)-T'~'. (It is clear that the T"' dependence
is a consequence of being able to neglect the Zee-
man and dipolar contributions to the spin-wave
spectrum. ) In Eus the three terms are of com-
parable importance and, in particular, the gap in
the excitation spectrum due to the internal field,
Eq. (5), precludes a simple power-law dependence
on temperature in the general case.

An inspection of Eqs. (17} indicates that n.D(T)
depends on the combination A =2S(j, +8,) in the
same way for both cases considered. The varia-
tion with temperature for a (111)f ilm depends

only on A and is insensitive to the relative values
of J1 and J2. The coefficient, J, +2J2, however,
is sensitive to the relative values and, in particu-
lar, is zero when', =-(~Z, ). For a (100) film,
the relative values of J1 and J2 determine the mag-
nitude and temperature dependence of n. D(T). We
have evaluated Eqs. (17) numerically using
(g, + J,)/ks =0.094 K and H, = 8.4 kG for various
values of g,/J, , the results are shown in Figs. 1

and 2. The sensitivity of the temperature depen-
dence to the ratio J,/g, in (100) films is illus-
trated in Fig. 1. For values of 8,/4, of about
-0.47 these results indicate that nD(T) is ini-
tially positive increasing to a weak maximum at
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FIG. 1. Calculated variation of the exchange stiffness
constant expressed as the relative change L, D(T)/Do
versus temperature with an internal field of 8.6 kG di-
rected along a (100) direction for various values of the
ratio J&/J&, Eq. (17a).

-2 K. At higher temperatures, n, D(T) decreases
and becomes negative. This behavior is the con-
sequence of nearest- and next-nearest-neighbor
interactions not being equivalent for spin waves
propagating in a (100) direction. An observation
of this effect in a suitable material would be most
interesting but is too small for observation in our
experiment. We anticipate our experimental re-
sults and note that for a (111) film, J, and 8, con-
tribute in the same way leading to a perfect can-
cellation at all temperatures when J,/J, = -0.5.

III. EXPERIMENTAL DETAILS

Thin films were prepared by vacuum evaporation
of EuS onto heated fuzed-quartz substrates. The
evaporant was prepared by the H, S conversion of
Eu,O, to EuS followed by a factional distillation
in a vacuum furnace to increase the purity. The
vacuum during deposition was characteristically
(3-5)&& 10 ' Torr. Our maximum available sub-
strate temperature of 600 C yielded high-quality
films where the width of the field-normal ferro-
magnetic (FMR) and observability of SSW modes
was used as a criterion. Film thickness was de-
termined to an estimated accuracy of better than
1(P() by optical interferometry, weight increase
determination, and/or an oscillating quartz-crys-
tal thickness monitor. Representative film thick-

FIG. 2. Same as Fig. 1 but with H; along a (111) di-
rection Eq. (17b).

nesses for the SSWR were 250 and 600 A.
An x-ray investigation of film texture in our

thinnest film lacking sufficient sensitivity, thicker
films were prepared using identical procedures.
The results for a 1400-A film indicated preferen-
tial growth in(111) and (311)directions. Indirect
evidence for preferential growth in the thinner
films is provided by the FMR linewidth. The
shift in resonant field due to magnetocrystalline
anisotropy was averaged over all crystallographic
orientations to estimate the line width in a poly-
crystalline film. Using the known values of the
bulk anisotropy constants at 1.3 K," the poly-
crystalline average predicts a linewidth of 100 Q
and is to be compared with the measured value of
40 Q at the same temperature. This value in turn
is higher than that of bulk single crystals. We
conclude that the films used for the SSWR have a
crystalline character with [ll1 J and [311]planes
being dominant. The field (at constant frequency)
for excitation of the nth SSW mode measured with
respect to the FMR is inversely proportional to
the film thickness squared. By assuming that the
"width" of a particular mode is due just to varia-
tions in thickness, we estimate a nonuniformity of
less than plus or minus four lattice parameters,
-+25 A. The magnetization determined at our
lowest temperature corresponds to a magnetic
moment of 6.93ps/ion compared to the theoretical
value of 7.00gs/Ion. We estimate the departure
from stochiometry to be no greater than 1%. Inas-
much as the fuzed-quartz substrate contracts less
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than EuS, this represent:s an upper limit indicating
that the possible formation of nonmagnetic Eu,O,
or decomposition of the EuS molecule during
evaporation have a negligible effect on the de-
posited films.

The microwave spectrometer was of standard
design employing a resonant cavity, ferrite circu-
lator, and 60-MHz superhetrodyne detection and
was operated at 23.6 GHz + 0.0'l% s.s measured
with a commercial cavity wavemeter. The signal
Klystron was frequency locked to the resonant
cavity. The cavity coupling could be adjusted at
each operating temperature for optimum sensi-
tivity. The samples were secured in a rectangular
cavity using a small quantity of vacuum grease as
an adhesive on the substrate side not bearing the
Eus film. The sample holder was constructed and
the magnetic field subsequently aligned to most
nearly achieve the "field-normal" configuration.
Thermal contact between the cavity and bath was
made using an exchange-gas pressure of 0.5 Torr
in the can employed to exclude liquid helium from
the cavity interior. The bath temperature was
manostatically controlled, but the sample tempera-
ture measured in zero field with a Qe resistance
thermometer attached to the cavity. The uncertain-
ties in field and temperature measurements are
less than ~3 6 and 0.05 K, respectively.

The choice of film thicknesses was a trade off
between obtaining high resolution for the low-
order SS% peaks (thinner) and increasing the total
number that could be observed (thicker). For
thicknesses greater than S00 A, the observed ab-
sorption spectrum was very different owing to the
excitation of coupled magnon-phonon modes.
These coupled modes have not been investigated in
detail, but an estimate of the dispersion relations
using the elastic constants measured at VV K" is
consistent with this interpretation. Films thin
enough to suppress these modes were used and the
need to consider them in our analysis eliminated.

1/2

I gp~
(18)

where D = 2Sa'(J, + J,) and I. is the film thickness.
In obtaining Eq. (18), it has been assumed that the

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Effective exchange stiffness 0 at 1.2 K

Our earlier results at 1.1 K" have been extended
to determine the temperature dependence of the
exchange stiffness constant. For complete spin
pinning at the film surfaces, the difference be-
tween the field for the uniform precession, 0, ,

and the nth standing spin wave, B„, measured at
constant frequency can be written

22,0 22.5
I

H (kQe)
230

1000

IOO

Vl

IO ~
0

5~
O

2—

225 23,0
H (kOe)

FIG. 3. Logarithm of the SSW absorption versus
applied magnetic field at the temperatures T =1.3 and
4.2 K in an EuS film of thickness 624 A. The magnetic
field scales have been displaced so that the first peaks
coincide and the change with temperature is more evi-
dent.

magnetization is the same at both fields. For EuS
at 1.1 K and 8-23 kOe (0, =8.6 kG) this condition
is satisfied and results on films with thickness of
258 and 624 A plotted using Eq. (18) obey this
relationship to within the experimental uncertainty.
The observation of only odd-n values is expected
for complete spin pinning at both surfaces. The
existence of a small intercept obtained from a
least-squares analysis of the data indicated that
spin pinning was not complete and that its effect
should be considered.

%'e have extended our measurements to higher
temperatures and show in Fig. 3 representative
results near the limits of this temperature inter-
val. The logarithm of the absorption is displayed
versus field permitting the variation for a large
number of spin-wave peaks to be compared on the
same plot and was obtained using conventional
operational-amplifier techniques. The abrupt
termination of the data near 23.6 kOe represents
the field limit of our magnet. At 4.2 K, the de-
crease in the magnetization causes a shift of the
FMR. In this figure, we have displaced the mag-
netic field to superimpose the two FMB peaks il-
lustrating how the SSNR peaks are shifted with

respect to each other as the temperature is
changed. The 1-kOe field interval over which

peaks are observed is sufficiently large such that
the assumption of a field-independent magnetiza-
tion used in deriving Eq. (18) must be discarded
at all but the lowest temperatures. The field de-
pendence of the demagnetizing field, 4aM, must
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B. Magnetization versus temperature

The ferromagnetic -resonance field-f requency
relation with H normal to the surface of a thin
film, given by

h&o = ggs(H —4vM), (19)

can be obtained by setting k =0 in Eq. (3) and is
frequently referred to as "the k-equal-zero mode"
or as "the uniform precession. " This expression,
obtained from spin-wave theory, is identical to
the classical result first obtained by Kittel." The
spin-wave dispersion relation, Eq. (3), is not
exact in the limit of very small k due to the long
range of the dipolar interaction. For 0=0 the
magnetostatic modes become important and couple
to the spin wave or "exchange modes. "" The re-
sulting mode interaction leads to a substantial
modification in the dispersion relations which be-
comes important when the transverse and longi-
tudinal film dimensions are comparable. These
corrections and that due to the bulk anisotropy en-
ergy in the interval 1-4 K" represent a negligible
correction to Eq. (19) and can be ignored.

The magnetization as a function of temperature
has been determined from the temperature depen-
dence of the FMR at constant frequency. The re-
sults obtained are shown in Fig. 4 plotted as the
magnitude of the decrease in magnetization from
its value at 1.3 K, [M(1.3) -M (T )], versus tem-
perature. Plotted in the same figure are theoreti-
cal curves of 3R(H, T ), Eq. (10a) for various val-
ues of the exchange stiffness but with H, =8.44 ko

be calculated and applied as a correction to the
observed peak positions for the determination of
D(T). This correction is applied and the results
compared with theory in Sec. IV C.

We have extended our original analysis, intro-
duc ing a phenomenological surfac e-anisotropy en-
ergy to represent the boundary conditions. The
expression used for the surface-anisotropy energy
and the resulting transcendental equation which
must be solved are those obtained by Soohoo" and
Pincus" and are given in the Appendix. Analyzing
the results obtained on a 624-A film at 1.2 K gives
the results for (J, + J,)/ks of 84 + 1 mK when com-
plete pinning is assumed but becomes 77~1 mK
when the wave-vector -dependent boundary condi-
tions are taken into account. This uncertainty re-
flects the accuracy with which the field of individu-
al peaks could be determined and fit to the theo-
retical curves. The precision of *1 mK has been
quoted to demonstrate the importance of including
the surface boundary conditions. The absolute un-
certainty is limited by our ability to measure the
film thickness and corresponds to +10 mK.

400 0,085
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300

I
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200

X
4J

0. I OS

I
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I 00
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FIG. 4. Experimentally determined change in the
magnetization with respect to its value at 1.3 K is shown

by open circles plotted versus temperature. The solid
curves represent the theoretical change calculated using
spin-wave theory, Eq. (10a) for different values of the
exchange constant (D/2Sa2) = J

&
+ J &.

C. Temperature dependence of the exchange stiffness
and surface-anisotropy constants

Using Eq. (5) with 0, =0, we obtain the relation
between the wave vectors of two SSW peaks and
the interna/ fields at which they occur:

a(H„- a'.) =gi, [H, (m) —H, (n)] . (20)

At finite temperature the magnetization will change
when the applied field is varied giving the following
relation between the internal and applied fields:

H, (m) —H;(n) = [H(m) —H(n)]

M(H(m)] —M[H(n)]
H(m) —H(n)

(21)

(v =23.63 6Hz). The best agreement is very sensi-
tive to D and is bounded by the values 0.095 and
0.097. The approximation used in the calculation
of 3)1 (H, T ) will lead to an additional uncertainty
that is difficult to estimate. Qur result from the
temperature dependence of the magnetization is

(J, + J,)/ks -—96 + 3 mK.

The uncertainty in this quantity represents an es-
timate of the theoretical contribution due to the
approximations made in calculating DR(H, T) We.
observe that this determination of Jg+ J2 does not
depend on knowing the film thickness.
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%e set m =1 in our analysis and determine the in-
ternal field differences at each temperature from
the measured values of the applied field and by
calculating M(H} numerically from spin-wave the-
ory [Sec. II, Eq. (10a)J. The influence of this cor-
rection is seen more clearly by introducing the
differential susceptibility X

= BM/&H. For small
field differences, Eq. (21) is approximately given
by O

C3

09 t—

I }

L/D ~ ~ ~

Hs

~ ~ ~ ~ ~ y 0 ~ 0 ~ ~

—2.0

Q I.Q K

For the internal fields and temperatures over
which SSWR results were analyzed, H =7.4-8.4
kOe, T/Tc &0.25, a constant value of the demag-
netizing field was used in calculating M from spin-
wave theory giving a negligible error for the in-
ternal field differences. Similarly, the predicted
field dependence of D at each temperature, Eq.
(17b} is negligible over the range of internal fields
encounte red.

The values of k for which standing spin waves
can exist depends on the film thickness I. and the
ratio of surface-anisotropy to exchange energy,
k, as shown in the Appendix, Eqs. (A2a} and (A2b).
%e have calculated numerically for odd modes,
the spectrum of k values for different values of
k, . For the correct value of k„a plot of k'„—k',
versus the internal field differences [Eq. (20)J is
a straight line with zero intercept and a slope
equal to 1/D(T). This procedure leads to an un-
ambiguous value of k, which corroborates our in-
dexing of the observed peaks. For a different
peak-index assignments, no values of k, could be
found which fit the experimental results.

Our results presented as D(T)/D, and H, as a
function of temperature are shown in Fig. 5. The
exchange stiffness, D(T), changes less than 1/o

while the surface-anisotropy field decreases rap-
idly with increasing temperature. From our anal-
ysis we find that the observed change in the sepa-
ration between spin-wave peaks with temperature,
Fig. 3, arises principally from the field and tem-
perature dependence of the internal field and tem-
perature dependence of the surface-anisotropy en-
ergy. The surface anisotropy field of -1.7 kG at
1.3 K is to be compared with the bulk values at the
same temperature, K, /M = -30 G and K, /M = 12 G."
In this temperature interval, H, decreases by a
factor of 5 while the bulk K, /M and K2/M decrease
by 10/o and 40%, respectively. This negative sur-
face-anisotropy energy is of the easy plane type.
%e have found that with the increased separation
between peaks in the thinnest films, even modes
could be resolved but that their intensity was much
weaker than the odd series. An example of such
an even peak is shown at -22 kQe in Fig. 6 for one
of our thinnest films. At this temperature, spin

T

l

L

2

w(K)
4

FIG. 5. Experimentally determined variations of the
exchange constant plotted as D(T) /Do and the surface-
anisotropy field H, versus temperature.

iGGG 25BA EuS
6 K (~-2563 -I-Iz)

C3
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{2

CL
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IQ

CD

2I 22
H t kQe)

FIG. 6. SSW absorption spectrum of a 258-A film
measured at 6 K. The strongest peak corresponds to
ferromagnetic resonance with the major peaks at lower
fields at the SSW modes n =1,3, and 5, respectively.
The weak peak between 1 and 3 at 22 kOe corresponds
to n =2.

pinning should be very weak and any differences
between the two film surfaces should be readily
apparent. The weakness of this even mode leads
us to conclude that the two surfaces are essentially
equivalent. The large value of the anisotropy field
and its rapid decrease with temperature is clearly
a unique surface property and is relatively insen-
sitive to the materials with which the EuS is in
contact.

In Sec. II, we calculated D(T) for two crystallo-
graphic directions. Since thick-film x-ray dif-
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m( T) =-(J, + 2J, )D(Z, +Z„II, V}.
0

(22)

A comparison with theory has been made using the
value of 4, +J, = 96 mK obtained from the magne-
tization results, Sec. IV 8, to calculate nD(T)/D, .
A plot of the experimental results versus theory
gives a straight line, the slope of which determines
the coefficient —(J, + 2J,). A least-squares analysis
of the data is shown in Fig. 7 by the solid line and
corresponds to the ratio j,/J, =-0.59+0.03. We
have also analyzed the data using values of Jy+ Jg
determined from the standing-spin-wave reso-
nance, Sec. IVA, obtaining J,/J, =-0.55+0.03. In
the latter case we have averaged the results of
several different films prepared at different times

fraction shows a dominance of [ill] plane formation
during deposition, we will regard the films as
growing preferentially with a (111)direction nor-
mal to the film surface and parallel to the applied
magnetic field. The expression for the change
aD(T), Eq. (17b), can be written

but with identical procedures. The uncertainty
given is that obtained by fitting with the average
value of J,+J, and does not represent the absolute
uncertainty of this quantity. Because the ratio
j,/j, is relatively insensitive to the exact value of
j,+j, for j,/j, - -~ and with the large scatter in
nD(T), we take the average of these two deter-
minations obtaining

J,/J', = -0.57+ 0.05.

Our result for j,/J„ treating the films as being
single rather than polycrystalline, is based on our
x-ray diffraction results. Even though the scatter
in nD(T) is large, our results indicate that D(T)
increases with increasing temperature. Our cal-
culation for a (100}plane, Fig. 1, suggests that
the observed increase would also result for a
polycrystalline film only if

~ j, ( /J, - 0.5. Similar-
ly, the spin-wave dispersion relation including k'
terms is

k&u, =gp, ~, +2S(j, + J,)a'k'

- 2S[-,'(j, + 2J, )]( -a)'a'

—2S[ —,', (J, —8j,)I'(8, y}](-,'a) k' (23)

IQ— where
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FIG. 7. Plot of the experimental versus theoretical
values of ~D(T)/D() calculated for H» parallel to a
(111) direction, Eq. (17b}. The solid line represents
the least-squares determination of the linear relation
between theory and experiment. The scale has been
expanded to show the near temperature independence of
~/Do when J&/J& - -~. The weakness of the tempera-
ture dependence of AD/Dp and scatter do not permit a
distinction between the assumed (111) orientation of the
film and the predictions for a (100) film, see Figs. 1
and 2 for Jr/J

I'(0, y}=sin 9 sin'2@+ sin'28 ——,
'

The lack of experimental evidence of a k' contri-
bution to the dispersion relation is consistent with
either the assumption of polycrystalline films and
J, +2J, =—0 or single-crystal films with their sur-
face normal along a (111) direction. Lastly, we
found, Sec. IV B, that the decrease in the magne-
tization with increasing temperature is described
very well by a spin-wave calculation up to T/Tc
-0.25 with magnon-magnon interactions neglected.
In zero magnetic field, these interactions contrib-
ute a term in T' ' with the coefficient proportional
to J, +2J,." The aPPa~ent absence of a T' ' con-
tribution to M(H, T) is consistent with our value of
j,/j, when magnon-magnon interactions are in-
cluded.

We use the results obtained for J, +j, and J,/J,
to determine J, and J, separately. Since the mag-
netization and the 88%R results give independent
determinations of J, +J» we have weighted the two
results in inverse proportion to the estimated ab-
solute uncertainty and obtain the following set of
parameters for EuS:

j, +j, = 92 + 3 mK, j,/J', = -0.57+ 0.05;

J, = 214+ 26 mK, J~ = -122 + 2 5 mK .
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V. DISCUSSION AND CONCLUSIONS

The results of this work are presented in Table
I. The values of J„J„and (9~ are calculated for
ease of comparison with other experiments. In
presenting uncertainties in the quantities Jy+ J2
and J', /4, calculated from the work of others, we

have assumed those quoted for J, and J, to be in-
dependent, and recognize that this probably is an
over estimate. With the exception of the Green's-
function interpretation, the various experimental
results for J, are in agreement. The values of J,
show a wider variation and are not consistent with-
in the quoted uncertainties. Our results and those
of inelastic neutron scattering are in accord for

however, the ratio 4,/J, represents a, lack of
agreement between the two experiments which we
feel is significant.

The uncertainties in the values of J, and J, ob-
tained by Charap and Boyd" are, we suspect, too
low. They point out specifically that their anal-
ysis, using J„J„and 0, as adjustable param-
eters, did not give a "unique" best set. They state
that a reasonable fit to their data could be obtained
for the ratio -J;/J„=p in the interval -0.3 &p
&0.6. Their reanalysis of the specific-heat data
of McCollum and Callaway" reduced this interval
to 0.2 &p &0.6 The bulk magnetization for their
sample was 8-8% lower than expected probably
indicating magnetic dilution due to Eu' ions being
present to this extent. They took this "dilution"
into account, reducing 4', by this percentage in
their analysis. We suggest, tentatively, that

their observed anisotropy field could be under-
stood as a surface anisotropy at an interface be-
tween EuS and the "nonmagnetic dilutant" pre-
sumed (by us) to be Eu,O, . This interpretation,
assuming a definite segregation between magnetic
and nonmagnetic regions, suggests that the theo-
retical value of 4aM, would be more appropriate
in their analysis. The results of Passenheim

equal.

'4 do not include an estimate of uncertainties
in J, and J„but as noted in Sec. I, their values
give a progressively worse fit to the data with in-
creasing applied fields. We conclude that these
additional uncertainties in the interpretation of
magnetization and specific-heat data would ac-
count for the apparent disagreement with values of
J, and J, obtained in this work.

There appears to be a real disagreement between
our results and those of Passell e/al. Both
SSWR and neutron scattering experiments are di-
rectly related to the spin-wave dispersion rela-
tions but being most sensitive to regions near the
center and surface of the BZ, respectively. The
discrepancy between the two experiments could be
an indication that (i) magnon-magnon interactions
(neglected in Ref. 16) make a significant contribu-
tion to spin-wave energies near the BZ boundaries
at finite temperatures, and (ii) that the treatment
of the dipolar interaction in the continuum approxi-
mation, as pointed out by Keffer, "is inadequate
for the large wave vectors encountered in neutron
scattering.

The last entries in Table I have been obtained by
Swendsen" using a Green's-function theory and his

TABLE I. Results of the present work.

SSWR absorption
inelastic neutron

scattering
High-temperature

EPR linewidth'
Magnetization vs

temperature, H = 0
Specific heat

(with and without
applied field) ~

Green' s function
theo retica1. analysis
using T~ and 0&"

(~, +Z, )tu, (K)

(0.092 + 0.003)

(0.136+ 0.021)

(o.o8+ o.o4)'

(O.12 ~ 0.02}

0.14

0.134

—{o.57+ o.o5)

—{0,42 + 0.07)

-(0.56+ 0.23)

—(0.4~ 0.1)d

-0 ~ 3d

-0.113

J(P~ (K)

(0.214*0.026)

(0.234 ~ 0.016)

(o.18~ o.o2)

(0.20 + 0.01)

0.20

0.151

J)/kg (K)

—(0.122 + 0.025)

-(0.098+ 0.014)

-(o.lo ~ o.o4)

—{0.08+ 0.02)

-(o.06)

-0.017

0 (K)~

(19.3 + 3.6)

{23.3+ 2.2}

(16.4+ 3.6)

(20.2 ~ 1.8)

Calculated using O& = 126Jf + 63cJ2.
"This work.
'Reference 16.

Calculated by us from the quoted results. The uncertainties have also been calculated and may be too high.
A. A. Samokhvalov and V. S. Babushkin, Fiz. Tverd. Tela 12, 13 (1970) tSov. Phys. -Solid State 12, 9 (1970)].
Reference 12.

3:Reference 14.
"Reference 29.
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interpretation of the ferromagnetic and paramag-
netic Curie temperatures. His results for J, and

J„but particularly the ratio 8,/Z„do not agree
with the other experimental results. Swendsen
treats magnon-magnon interactions and shows that
the renormalization for each "exchange shell, "
1.e., J, and 4, contributions, is different. Our cal-
culation of magnon-magnon-interaction contribu-
tion using spin-wave theory gives a similar re-
sult, Egs. (17a) and (17b). The role of 7,/4, in
determining the temperature dependence of the ef-
fective exchange constant D(T) is shown explicitly
in Figs. 1 and 2. In the low-temperature limit and
near the center of the BZ, it is expected that spin-
wave and Green's -function results will be in agree-
ment. Also the two theories will reduce to the ex-
act "single-magnon" excitation spectrum in the T
=0 K limit. Our results are most sensitive to the
spin-wave dispersion relations near the center of
the BZ where the approximate treatment of the di-
polar and magnon-magnon interactions should be
most reliable. We conclude that the disagreement
with Swendsen's analysis represents a question as
to the correctness of his equation used to calculate
the ferromagnetic Curie temperature.
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E,(6), y) =K, cos'0, {A1)

where 8 is the angle between the magnetization
and the symmetry axis which we choose as being
normal to the film surface. For convenience, the
results are expressed in terms of K,' given by K,
=-K,'a, where a is the lattice parameter. In the
general case, K, would be different at the two sur-
faces. For the magnetic field normal to the film

APPENDIX: SURFACE BOUNDARY CONDITIONS

Soohoo" and Pincus" have considered the effect
of surface boundary conditions and their effect on
the values of the wave vector A in a SSWR experi-
ment. While the introduction of an "effective-sur-
face-anisotropy field" by Pincus leads to the same
result as obtained by Soohoo, we prefer the de-
scription in terms of a "surface-anisotropy en-
ergy. "

Soohoo treats the surfaces of a magnetic thin
film by the introduction of a phenomenological
uniaxial surface-anisotropy energy given by

and identical surface-anisotropy energies, the
standing-wave solutions are determined by solving
the equation:

where

-2
u/a, —a, /a

(A2a)

&a=
2S(Z, +Z) '

H, = aIC,' /M .

(A2b)

(A2c)

In these expressions, J. is the film thickness and

the other terms have their usual meaning. Posi-
tive values of K,' correspond to easy-plane aniso-
tropy with a "hard axis" normal to the film sur-
face and negative values to an easy axis in the
film normal direction. The equation for k has
two sets of solutions which can be written

where &z=1, 2, . . . . In our initial observation of
SSWR at 1.1 K, we found the results to be well
described by "complete pinning. '"' In the present
work, the values of k were determined by varying
k, in the expression for even modes to obtain a
fit to our data at each temperature. The change
of H, with temperature (Fig. 5) causes a variation
from "nearly complete" to "weak" spin pinning
with increasing temperature. Also, the "pinning"
is a function of wave vector and is different for
different modes with a finite nonzero value of the
surface -anisotropy energy.

The use of a simple surface-anisotropy energy
to describe the surface spin pinning has encoun-
tered difficulties when applied to metals. Kooi
etal. ' reviewed the experimental situation in 1964
and described various alternate descriptions of
spin pinning that more nearly described experi-
mental results. They concluded, ".. . that it is
very difficult to determine exchange parameters
by means of spin wave resonance in films. " Sub-
sequent experimental work" has shown that when
metallic films are prepared with special attention
to substrate cleanliness and very-high-vacuum
conditions employed, the problems of interpreta-

kJ„ uJ.
tan —= —(odd), cot —= ——(even), (A3)

2 k, ' 2

where the notation even and odd refers to whether
the solutions correspond to antinodes or nodes at
the midpoint between the two surfaces, respective-
ly. For insulating films in a spatially uniform
rf exciting field (the conditions of this experi-
ment) only the even modes will be excited. In the
limit of "complete pinning,

" 0/k, «1, the observed
SSW peaks are given by

u„= (2n+1)v/L, ,
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tion described by Kooi

equal.

diminish due to the
reduction of antiferromagnetic oxide formation
during evaporation. These problems do not arise
in the preparation of EuS films. The saturation
magnetization of our films and bulk properties
(ferromagnetic-resonance iinewidth) of material
prepared by vacuum fractional distillation indicate
that oxide formation (EuO or Eu,o,) and/or molec-
ular dissociation do not occur to an observable ex-
tent. A considerable amount of theoretical work
has been directed to the problem of surface effects
and, in particular, the coupling between "ex-
change" and "magnetostatic" spin-wave modes. "'

The results indicate that for very thin films having
large transverse dimensions and in the field-nor-
mal geometry, this coupling makes a negligible
contribution to the "exchange only" description.
We conclude this discussion by noting that EuS
represents a system for which a simple surface-
anisotropy-energy mode1. is applicable. The rela-
tive insensitivity of this anisotropy energy to the
composition of nonmagnetic substrates would pro-
vide a unique opportunity to study surface aniso-
tropy through measurements of the influence of
the interface between two magnetic materials on
the "surface" pinning.
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